Purpose To determine the prevalence of South Amerindian Y chromosome in Chilean patients with spermatogenic failure and their association with classical and/or AZFc-partial Y chromosome deletions. Methods We studied 400 men, 218 with secretory azo/oligozoospermia (cases) and 182 controls (116 fertile and/or normozoospermic, and 66 azoospermic with normal spermatogenesis). After a complete testicular characterization (physical evaluation, hormonal and/or biopsy) peripheral blood was drawn to obtain DNA for Y chromosome microdeletions, AZFc-partial deletions and biallelic analysis by allele specific polymerase chain reaction (PCR) of the M3 (rs3894) single nucleotide polymorphism (SNP). Results Classical AZF microdeletions were found in 23 cases (Y-microdeleted). AZFc-partial deletions were observed in 10 cases (6 "gr/gr", 3 "b2/b3" and 1 "b1/b3") and 4 controls (4 "gr/gr"). The AZFc-partial deletions were mainly associated with the absence of DAZ1/DAZ2 (64 %). No significant differences in the prevalence of AZFc-partial deletions were observed between cases and controls. We observed a significant higher proportion of the Q1a3a haplogroup in Y-microdeleted men compared to patients with spermatogenic failure without deletions and control men (P<0.01 and P<0.05, respectively by Bonferroni test). Among them, patients with AZFb deletions had an increased prevalence of the Q1a3a haplogroup compared to controls, cases without deletions and to those with complete or partial-AZFc deletions (P<0.01, Bonferroni test). Conclusions The Q1a3a South Amerindian lineage seems to increase the susceptibility to non AZFc microdeletions. On the other hand, in Chilean population the AZFc-partial deletions ("gr/gr", "b1/b3" and/or "b2/b3") does not seem to predispose to severe spermatogenic impairment.
15 % in subjects with azoospermia or severe oligozoospermia [15, 16, 24, 31, 37, 41] . In addition to Y chromosome microdeletions and other less frequent mutations [6, 12, 14] , several studies have proposed that there may be other factors, possibly associated with the environment and/or specific genetic background, that may affect the susceptibility to suffer spermatogenic defects [1, 14, 32, 33, 39, 44, 45] .
Regarding the Y chromosome, several studies have suggested that some lineages or haplogroups of the Y chromosome may confer susceptibility to complete-or partial-AZFc deletions [1, 44, 45] . There are various known binary markers whose low rate of mutation represent unique events in the evolutionary process, allowing to build hierarchical phylogenetic haplogroups of the Y chromosome [10, 23] . The Y-SNP M3 (DYS199 locus) is a single nucleotide polymorphism (SNP) whose C > T mutation define the Q3 (YCC2002) [10] or Q1a3a (YCC2008) [23] haplogroup of the Y chromosome, which is almost totally restricted to the Americas [22, 46] . To our knowledge until now, there are no studies of Y chromosome haplogroups in mixed or native South American populations with Y chromosome microdeletions.
The study of DYS199 biallelic locus in human populations has shown that T allele is found almost exclusively in South and Central Native American populations, with the prevalence in the indigenous North America population approximately 50 % [40] . Instead, the C allele has been observed in humans outside the Americas and nonhuman primates, indicating that the mutation at M3 (T allele) originated very early and represents the common Y chromosome lineage for native South America populations. In fact, the frequencies of the T allele at Y-SNP M3 differed significantly between Hispanics [18] and the native populations of South America [4, 40] .
The genetic background of Chilean population is mainly formed by an asymmetrical mating between ancestral populations of Spanish conquerors and Aboriginal natives, where the prevalence of Amerindian Y chromosome based on the DYS199 and DYS19 loci is much lower (<20 %) than Amerindian autosomal markers (around 40 %) [8, 9] .
The study of Zhang et al. [47] showed that partial-AZFc deletions are characteristic of men with the Q1 and N1 haplogroups, which also have an increased incidence of complete-AZFc deletions [47] . Therefore, partial-AZFc deletions can be considered as a candidate cause of increased susceptibility to complete AZFc deletions. In addition, some studies in Han Chinese have observed that genetic background of Y chromosome may affect the formation of "gr/gr" partial-AZFc deletion, and may contribute to spermatogenic impairment [44] . Even though the genetic susceptibility to spermatogenic failure can be influenced by the AZFc-partial deletions, it also has been related to other structural changes not related to these AZFc deletions [45] . In fact another study from Northern Italy observed a higher prevalence of the E haplogroup among patients with complete AZFc deletions ("b2/b4") [1] .
In this study, we investigated the proportion of Amerindian Q3-M3 haplogroup in Chilean patients with primary spermatogenic failure, with or without Y chromosome microdeletions and AZFc-partial deletions, versus demographically comparable controls without failure in spermatogenesis.
Methods

Subjects
This study was approved by the Ethical Review Board of the Central Metropolitan Health Service, Santiago, Chile, and all subjects gave their informed consent. We studied 284 selected Chilean infertile patients who consulted for infertility at the Institute of Maternal and Child Research, San Borja-Arriarán Clinical Hospital, or at the José Joaquín Aguirre Hospital, Santiago, Chile. Two fifty two of these patients were referred for testicular biopsy for diagnosis and/or spermatic recuperation by testicular sperm extraction (TESE) between March 2003 and December 2010. This procedure was performed to men with a minimum of 1 year of infertility and in whom previous semen analyses had shown azoospermia (78 %) or low numbers of viable spermatozoa with sperm count ≤5.0× 10 6 /mL. Thirty two of the 284 infertile patients did not undergo a testicular biopsy, but they were included because they had Y chromosome microdeletions and/or were azoospermic with a high serum FSH associated with a reduced testicular volume, measured by the Prader orquidometer (<15 cc). Patients underwent an evaluation that included a complete physical examination, hormonal studies, karyotype and Y chromosome microdeletions (complete and partial AZFc).
We selected additional 116 healthy men, of which 99 were normozoospermic and 17 have reported fertility, but without seminal analysis.
Subjects were excluded if they had hypogonadotrophic hypogonadism, hyperprolactinaemia, abnormal karyothype, chronic diseases, clinical varicocele, retractile testis, male accessory gland infections, orchitis, genital trauma, drugs consumption and concomitant hormonal treatment.
All subjects were grouped according to their place of residence in the different geographic regions of Chile (http:// www.arabe.cl/chile/comunas.html) including their location within different Districts of Santiago (the capital of Country) and the Metropolitan region (RM, Region of the capital).
Hormonal measures
Serum concentrations of LH and FSH were measured by immunoradiometric assay (Siemens Medical Solutions Diagnostics, LA, CA, USA). Total testosterone was measured by radioimmunoassay (Diagnostic System Laboratories, Webster, TX, USA). Blood samples were collected between 8 and 10 AM.
Semen analysis
Semen analysis was performed according to the World Health Organization criteria [43] . The diagnosis of azoospermia was based on the absence of sperm in at least two separate semen analyses after centrifugation of semen samples (1,000 g, 5 min). Infertile patients and normozoospermic healthy volunteers underwent at least two semen analyses. Sperm morphology evaluation using the Kruger's strict criteria [26] was also performed in normal controls.
Determination of Y chromosome microdeletions and AZFcpartial deletions DNA samples were isolated from peripheral blood using the Wizard® genomic DNA purification kit (Promega, WI, USA). All infertile and fertile subjects were evaluated with an standard set of 20 Y-specific STS primers in 6 multiple PCR reactions (Mix1: sY85, sY83, sY90, sY221; Mix2: sY143, sY158, sY255; Mix3: sY142, BPY2, sY98; Mix7: sY153, XKRY, CDY2; Mix9: EIF1AY, USP9Y; Mix11: DBY, TSPY, F19/E355) as previously was described [7] . Further characterization of the Y-chromosome microdeleted patients were performed in single PCR reactions with the remaining 16 of 34 primers, as previously described [7] (Fig. 1) . The same PCR conditions were performed for primers sY1227 and sY1228 specific to spacer to arm boundaries on palindrome P5 and sY579 specific for spacer on palindromes P1 and P2 [28, 34] .
In order to detect AZFc-partial deletions, all subjects were studied through a three-step sequence-tagged site (STS) screening: the first step included sY1291 and sY1191, whose absences are specific to "gr/gr" and "b2/b3" AZFc-partial deletions respectively [38] . In case of negative amplifications, our screening included confirmation of these AZFc-partial deletions by the presence of sY1161 (i.e. "b1/b3" excluded), sY1258, sY1197, sY1206 and sY1201 [38] . The "b1/b3" AZFc-partial deletions were determined by the absence of sY1291, sY1191, sY1161 and sY1197. The third step of screening was performed to confirm the AZFc-partial deletions by the absence of DAZ1/DAZ2 or DAZ3/DAZ4, discriminating for different DAZ genes copies (DAZ2-DAZ4) by DAZ-SNVs and STS specific as previously described [29] .
Genotyping of the Y-SNP M3 (DYS199 locus)
The Q1a3a lineage (YCC2008) was determined in all subjects by detection of the T allele on Y-SNP M3 (rs3894). Genomic DNA isolated from peripheral blood was used for analysis of C or T allele by allele-specific polymerase chain reaction (PCR) according to Underhill et al. [40] and Cifuentes et al. [8] with some modifications. Briefly, two polymerase chain reactions were done for each DNA sample in parallel. One [28] . b Expanded view of AZFs regions. c The AZFb and AZFc amplicon structure is drawn according to the color code of Kuroda-Kawaguchi et al. [27] . In (a) and (c) are shown the location of the principal STS and locus analyzed for the screening of AZFs microdeletion and AZFc partial deletions of the Y chromosome. d Exemplary results of PCRbased analysis in patients with AZFa, AZFb, AZFc or AZFb+c microdeletion. Black bar: STS/locus present. Lines: STS/locus absent. Gray lines: STS/locus that normally amplifies by PCR but assumed to be absent in the context of deletion pattern reaction was performed using the C-specific reverse primer (5′-GGT ACC AGC TCT TCC TAA TTG-3′) [40] , while the other was performed using the T-specific reverse primer (5′-GGT ACC AGC TCT TCC TAA TTA-3′) [40] . In both reactions, the DYS199 forward primer was the same (5′-TAA TCAGTC TCC TCC CAG CA-3′) [40] . PCR was carried out in a Thermal Cycler Techne® TC-512, in a final volume reaction of 15 μL containing 50 ng DNA, 0.2 mM dNTPs, 1.5 mM MgCl 2 , 1X PCR buffer +(NH 4 ) 2 SO 4 (Fermentas, MD, USA), 0.4 μM primers, and 1 U Hot Start Taq DNA Polymerase (Fermentas, MD, USA). Reaction mixtures were preheated (94°C, 5 min) and were followed by PCR with 40 cycles of amplification (94°C, 60 s; 62.8°C, 60 s; and 72°C, 60 s), followed by a final extension at 72°C during 7 min. Finally, the PCR products (201 bp) were analyzed on 2 % agarose gel containing 10 μg⁄mL ethidium bromide and visualized by UV transillumination. Positive controls of T and C alleles and negative controls (without DNA and feminine DNA) were included in all analysis.
Testicular biopsy
A small piece of testicular tissue was fixed in Bouin's solution during 6 h for histopathological evaluation. Testicular histology assessment included a qualitative and quantitative analysis of germinal epithelium in 20-25 tubules, the modified Johnsen score (JS) was calculated [20, 21] . According to this score, the tissues were classified in Sertoli cell-only syndrome, complete (JS = 2) or incomplete (some foci of spermatogenesis); Maturation arrest (germ cells until spermatogonia or spermatocyte, which may be complete or incomplete); Hypospermatogenesis (proportional and quantitative reduction of the different types of germ cells); Severe atrophy (hyalinization of seminiferous tubules and lack Sertoli and germ cell, JS = 1); Mixed atrophy (mixture of the above mentioned types of tubular histology); and normal spermatogenesis (all the tubules evaluated had complete spermatogenesis or elongated spermatids at least, JS ≥ 8).
Statistical analysis
Statistical calculations were performed using SPSS 11.5 for Windows (SPSS Inc, Chicago, Illinois). The Pearson Chi square and exact Fisher tests were used for testing differences in proportions between groups. For studying possible differences in means or medians, the groups were compared by the ANOVA and Student's t test or by the Kruskal-Wallis and Mann-Whitney test, respectively. The Bonferroni test was performed to adjust the P-value for multiple comparisons, specifically when the T and C alleles distributions were compared among controls and 2 groups of patients with spermatogenic failure (with and without Y chromosome microdeletions). P values less than 0.05 (two sided) were considered statistically significant.
Results
The analysis of testicular histology in 252 infertile patients with indication of testicular biopsy allowed us to identify 186 men with spermatogenic impairment of different histological types, and 66 infertile men with complete spermatogenesis (obstructive azo/oligozoospermia). Because no significant differences were observed in the hormonal parameters between obstructive azoospermic, fertile and normozoospermic controls, they were analyzed as a single group ( Table 1 ). The hormonal characterization and the prevalence of reduced testicular volume and azoospermia among secretory azo/oligozoospermic and control men are also shown in Table 1 .
After screening for Y chromosome microdeletions in 284 azo/oligozoospermic infertile men, we detected 23 nonobstructive azo/oligospermic patients with Y chromosome microdeletions in one (AZFa, AZFb or AZFc) or two AZF regions (AZFb+c). In addition, the analysis of AZFc-partial deletions performed in all subjects detected 14 subjects (14/400) with partial-AZFc deletions, which were "gr/gr" (6 secretory azo/oligozoospermic, 3 obstructive controls and 1 normozoospermic), "b2/b3" (3 secretory azo/oligozoospermic) or "b1/b3" (1 secretory azo/oligozoospermic). AZFc-partial deletions were mainly associated with the absence of DAZ1/DAZ2 (64 %, 9/14), and only two subjects with "gr/gr" (1 secretory azoospermic and 1 obstructive control) and the three patients with "b2/b3" deletions had absence of DAZ3/DAZ4 copies of DAZ gene. After we compared AZFc-partial deletions (total, different subtypes and "gr/gr" with reduction of DAZ1-DAZ2 or DAZ3-DAZ4), no significant differences in the prevalence of AZFc-partial deletions were observed between secretory azo/oligozoospermic patients and controls.
The distribution of T allele (Q1a3a haplogroup) on DYS199 locus initially was studied in secretory azo/oligozospermic men and controls without AZFc-partial deletions (Table 2 ). When we compared the secretory azo/oligospermic men and controls (total or each subgroup), we observed a similar proportion of Q1a3a haplogroup. However, we observed a higher proportion of the Q1a3a haplogroup in the group of men Y-microdeleted compared to patients with spermatogenic failure without microdeletions of Y chromosome (P=0.03 by Bonferroni test) or controls (P=0.017 by Bonferroni test).
Among the Y-microdeleted men, the complete AZFb deletions had an increased prevalence of Q1a3a haplogroup compared to those with AZFc or AZFb+c deletions (P= 0.00009 and P= 0.027 respectively, Bonferroni test). In addition, Y-microdeleted patients with AZFb deletions had an increased prevalence of the Q1a3a haplogroup compared to total controls, control subgroups or secretory azo/oligospermic non Y-microdeleted men (P<0.01, by Bonferroni test). Among the 14 subjects with partial-AZFc deletions 1 obstructive azoospermic control men with a "gr/gr" subdeletion without DAZ1/DAZ2 had the T allele (Q1a3a haplogroup) and all the remaining had the C allele.
While all subjects in our study were Chilean, and Chilean descendants, we analyzed possible ethnic differences by analyzing their place of residence in Chile, either in different geographical regions or microgeographic Districts within the Metropolitan region (Region of the capital city). This analysis showed that 78 % (300/386) of patients lived in the Metropolitan region (255/386; 66 % living in Santiago), and the remaining lived outside of the Metropolitan region, in the north (8 %) or south (14 %) of the country. When we compared the two groups of secretory azo/oligozoospermic patients, with and without Y chromosome microdeletion, and obstructive controls, no significant differences were observed in the proportion of subjects from different regions of Chile or from different Districts within Santiago or the Metropolitan region. Similar Districts in Santiago or the Metropolitan region were observed between subgroups of controls. However, normozoospermic and fertile controls were predominantly from the Metropolitan region or from Santiago (99 % and 96 %, respectively). [2, 5, 18, 22, 23, 40, 46] . Several studies based on DNA mitochondrial and autosomal microsatellite markers are consistent with a founder effect occurring within the North American subcontinent, before the peopling of Central and South America [30, 42] . Previous studies in the Chilean population of Santiago have shown a prevalence of 84 % of indigenous mitochondrial haplogroups [35] , around 40 % of autosomal markers, depending on socioeconomic status, and a smaller proportion (<20 %) of molecular markers of the Y chromosome [8] , indicating that the Chilean population arose mainly of the union of indigenous women with European males.
Similar to other studies, we observed that microdeletions that involve AZFa and AZFb had a lower frequency compared to those of AZFc or AZFb+c regions [13, 19, 36, 41] . In addition, similar to a previous study in Chilean patients [29] , we did not find a higher proportion of AZFc-partial deletions ("gr/gr", "b1/b3" and/or "b2/b3") in secretory azo/oligozoospermic patients compared to controls, and therefore these subdeletions do not seem predispose to severe spermatogenic impairment. However, a recent metaanalysis has shown that "gr/gr" subdeletions can be considered a risk factor for spermatogenic failure especially in oligozoospermics men from Europe [39] . Therefore, the lack of association of AZFc-partial deletions with the primary spermatogenic failure observed in our study may be the consequence of the geographic origin and of the severity of the spermatogenic impairment among our patients (78 % of azoospermia and 54 % of patient had SCOS).
In this study we observed that Chilean men who have Y chromosomes of the Q1a3a haplogroup have a higher proportion of microdeletions in this chromosome. Surprisingly, patients with the more frequent AZF region deleted had a lower proportion or an absence of Q1a3a lineage (complete and AZFc-partial deletions, respectively). In contrast, our two patients with AZFb deletions had a Y chromosome of the Q1a3a lineage, which seems to indicate an increased susceptibility of this South American native haplogroup for AZFb deletions, however additional subjects should be studied. In addition, we observed that patients with AZFb+ c or AZFa microdeletions had the T allele, but in a lower proportion to those patients with AZFb microdeletions.
The Y chromosome reference of the GenBank data base shows that Y-M3 SNP (also named as DYS199, rs3894 or sY-103) is localized between the AZFa and AZFb regions, on the chromosomal position 19096363 (GRCh37.p5 Assembly). Interestingly, the T allele was observed in our two patients with AZFb and in one-third of patients with AZFb+c deletions, suggesting that subjects with the T allele on DYS199 locus would have a Y chromosome with a particular sequence variation, or a particular structure that predispose to suffer AZFb microdeletions. Since our two patients with AZFb deletions and the Q1a3a haplogroup have the previously reported P5/proximal-P1 and P4/proximal-P1 deletion, the mechanism involved would increase the susceptibility to homologous recombination between arms of palindromes P5 or P4 and the arm P1.2 of the P1 palindrome [11, 27, 34] . Therefore, some sequence variations associated with the T allele on DYS199 locus, likely localized within or between the P5/P4 and P1 palindromes might lead to a higher AZFb deletion susceptibility.
In agreement with the chromosomal position of the DYS199 locus (GRCh37.p5 Assembly) we detected three patients who had failure in their PCR result for Y-M3 SNP (data not shown) and coincidently their AZFb+c deletions were more proximal (XKRY, CDY2, sY1227 and sY1228 not detected) than those patients in this study (XKRY, CDY2 and sY1228 detected).
Since we observed similar residence places between our infertile patients (Y-microdeleted, non Y-microdeleted and obstructive controls), the statistically significant increased prevalence of the Q1a3a haplogroup in the total Ymicrodeleted group or in the AZFb subgroup cannot be attributed to differences in their geographic localization. Therefore, our results suggest a greater susceptibility of the Y chromosomes of Q1a3a South Amerindian lineage to have AZFb or non AZFc deletions. On the other hand, in our Chilean population the AZFc-partial deletions ("gr/gr", "b1/b3" and/or "b2/b3") do not seem to predispose to severe spermatogenic impairment.
